Abstract FDA approval of chimeric antigen receptor T cells (CART cells) is the culmination of several decades of technology development and interrogation of the properties of these gene therapies. CART cells exist as personalized "living drugs" and have demonstrated astounding anti-tumor efficacy in patients with leukemia and lymphoma. However, the future promise of CART efficacy for solid tumors, the greatest unmet burden, is met with a number of challenges that must be surmounted for effective immune responses. In this review, we discuss the next-generation developments of CARs to target solid tumors, including fine-tuned and combinational-targeting receptors. We consider the structural intricacies of the CAR molecules that influence optimal signaling and CART survival, and review pre-clinical cell-intrinsic and cell-extrinsic combinational therapy approaches.
Introduction
The recent FDA approval of tisagenlecleucel (Kymriah™-Novartis) and axicabtagene ciloleucel (Yescarta™-Kite) has ushered cancer medicine into the age of gene therapy. Both therapies use chimeric antigen receptors (CARs) genetically engineered into T cells (CART), empowering them to become precision tumor killers. First generated in the late 1980's, a CAR molecule contains an antigen-binding moiety (e.g., scFv) and a signaling motif (e.g., CD3ζ) necessary to generate an artificial T cell receptor (TCR). Subsequent CAR versions incorporated one or two costimulatory motifs and are commonly referred to as second or third-generation CARs, respectively. CARs allow for powerful harnessing of antigen-specific T cell responses by including potent stimulatory domains in virtually limitless numbers of T cells upon binding a desired antigen in an MHC-independent manner. CART cells have had tremendous success in leukemia and lymphoma (reviewed in Fesnak et al. [1] ). Within this review, we will address four key parameters of engineering CART cells to eliminate solid tumors: targeting, optimal signaling, immunosuppression, and recruitment of innate immune cells.
The next cart frontier: solid tumors
The solid tumor microenvironment (TME) exerts three major barrier types to prevent effective anti-tumor immune responses [2] -environmental, inflammation, and immunosuppression (Fig. 1) . The lack of CART efficacy in solid tumors can be due to the environmental barriers that exist (e.g., endothelial cell dysfunction [3] , extracellular matrix barriers [4] , hypoxia [5] , lack of nutrients, or harsh conditions [6] preventing migration and infiltration to physically access the tumor. In addition, many tumors have chronic inflammation, which causes immunosuppressive molecules (e.g., TGFβ, potassium, arginine, ferritin, prostaglandins, or leukotrienes) to be present in high concentrations within the tumor, which in turn induces recruitment of immunosuppressive immune cells (e.g., Tregs or myeloid-derived suppressor cells (MDSCs)). Furthermore, these immune cells and tumor cells highly express immune checkpoint inhibitor ligands (e.g., PD-L1, CD200, galectin-9, PVR, or B7-H4) to induce strong immunosuppression within the TME [7] . To improve CART function in solid tumors, it is important to address improvements in tumor targeting, defining optimal CAR structures and signaling domains, and synergizing CAR-T cells with the pro-immune and antitumor effects of oncolytic viruses, checkpoint inhibitors, and cytokine delivery.
The antigen-binding domain: the navigation system
The success of Kymriah and Yescarta for treating B cell malignancies is due, in large part, to the choice of the target antigen. Ideally, CAR targets are antigens on the cell surface, expressed on all tumor cells but not normal cells, are frequently shared between patients and contribute to the pathobiology of cancer, such that downregulation would hinder cancer growth. CD19 is a pan-B cell marker, highly abundant on the cell surface, present on most malignant B cells, and is required for signal transduction of the B cell receptor, which makes it critical for growth in many B cell cancers [8] . However, CART therapy induces B cell aplasia because CD19 is also found on healthy B cells. Fortunately, B cell aplasia can be countered with intravenous immunoglobulin replacement and methods are being developed to eliminate CARTs once the cancer is in remission [9, 10] . Furthermore, the indiscriminate loss of B cells can be beneficial in removing both cancerous and precancerous B cells, thus reducing the chances of recurrence. Although B cell aplasia can be tolerated in patients with B cell malignancies, most solid tumors arise from organs or tissues that are indispensable, making the precise targeting of cancerous cells in solid tumors more critical.
Tumor antigens can be classified as either tumor-specific (found on tumor cells but with no or limited expression on normal cells) or tumor-associated (overexpressed on tumor cells but also found on normal cells at lower levels). Tumorspecific antigens (TSAs) include tumor mutations that result in aberrant protein sequences (e.g., EGFRvIII), oncofetal (1) Targeting methods to combinatorial provide specificity to cancers cells, while sparing normal cells, (2) optimal signaling to induce potent and long-term immune responses to allow for long-term tumor eradication, (3) block suppressive signals to overcome immunosuppression, and (4) induce innate immunity by utilizing CART cells to deliver cytokines or in combination therapies with therapeutic antibodies and/or viruses proteins that are transiently expressed during development but can be aberrantly in cancer cells (e.g., CEA), and testisassociated antigens, which are normally expressed in tissues that do not express MHC and therefore are not immunogenic (e.g., NY-ESO-1 in spermatozoa). Tumor-associated antigens (TAAs) include overexpressed proteins (e.g., HER2), post-translationally altered proteins (e.g., MUC1), or oncoviral proteins (e.g., HPV E7). A summary of tumor antigens that are currently being targeted in CART cell clinical trials is shown in Table 1 . Of note, significant solid tumor regression in the absence of severe toxicities has yet to be observed except in the case of one reported glioblastoma patient treated with intracranial infusions of a IL13Rα2-targeting CAR [11] .
Affinity-tuned cars
The use of TAAs to target solid tumors will remain limited unless CARTs can distinguish between tumor and normal cells beyond the presence or absence of a single antigen. More sophisticated tumor recognition can be achieved by programming T cells with CARs so that they work as comparative or Boolean operators (e.g., greater than, AND, OR, NOT) as shown in Fig. 2 . Affinity-tuned CARs can discern between tumors that have a high density of antigens on their surface that is "greater than" the antigen density on normal cells. Tuning the affinity of a CAR can be done genetically by altering the scFv binding region via mutagenesis [12] or by recombining heavy and light chains [13] . Off-tumor toxicity from CART cells with high affinity for target antigen was observed in one patient that received trastuzumab-based HER2-CART cell therapy, which led to lethal cytokine release and cardiopulmonary toxicity [14] . Subsequently, animal models have demonstrated that affinity-tuning the CAR-T antigen-binding domain can improve safety by bypassing tissues with low antigen expression, while maintaining recognition and elimination of tumors with high antigen expression [15, 16] .
Indeed, HER2-CARs can be used safely in the clinic, as shown in two clinical trials that administered FRP5-based HER2-CART cells to patients with either sarcoma [17] or glioblastoma [18] . The differences in safety between the trastuzumab (4D5) and FRP5-based therapies remain undetermined due to confounding clinical differences between trials. In contrast to the 4D5-based CART treatment, both of the FRP5-based clinical trials administered 2-log lower maximum dose of cells, did not co-infuse lowdose IL-2, and did not employ a third-generation HER2-CAR with a CD137 (4-1BB) signaling domain. Patients in the GBM trial received HER2-CAR-modified autologous virus-specific T cells (VSTs), which are postulated to increase T cell persistence. In addition, the patient treated with the trastuzumab CAR received cyclophosphamide and flurodarabine for lymphodepletion prior to therapy, while FRP5-CAR-treated patients received no lymphodepeletion. Lymphodepletion prior to CART treatment increases CART expansion by promoting expression of homeostatic cytokines and by removing inhibitory Tregs [19] . Overall, the FRP5-based HER2-CARs were well tolerated and some patients showed either a partial response or stable disease; however, there was no evidence of T cell expansion in either trial that is comparable to the CART expansion observed in patients with hematologic malignancies.
Combinational-targeting CARs
Another promising strategy for improving tumor recognition is simultaneous expression of different CARs according to "AND", "OR", "NOT" Boolean logic (Fig. 2) . This strategy has been evaluated in pre-clinical studies, where dual CAR-T cells have targeted either CD19 "OR" CD123 antigens [20] , MUC1 "OR" ErbB2 antigens [21] , and even trivalent CART cells that can target HER2 "OR" IL13Rα2 "OR" EphA2 [22] . In addition, T cells can be engineered with a CAR and a transgenic TCR for recognition of an external CAR target "OR" an internal antigen presented by MHC [23] . As alternatives to expressing two separate antigen receptors, tandem CARs contain multiple contiguous antigen-binding domains so CAR-T cells can bind multiple antigens through a single receptor [24] . T cells can be programmed with the Boolean "NOT" logic by the co-expression of an activating CAR and an inhibitory CAR (iCAR), which delivers a PD-1 or CTLA-4 endodomain when its antigen is engaged [25] . This first description of iCARs was shown by Fedorov and colleagues, who expressed a CD19 CAR with a PSMA iCAR that killed CD19 + cells but "NOT" CD19
Finally, the Boolean "AND" logic can be programmed into T cells by using either the split signal [26, 27] or SynNotch system [28] . The split signal approach uses dual CARs, each with different antigen-binding domains and either an activation or costimulation endodomain. Kloss and colleagues demonstrated that tumors expressing PSMA + "AND" PSCA + antigens were eliminated but not tumors expressing either antigen alone. Similarly, Lanitis et al. [27] developed a split signal CAR-T system that had potent lytic activity when the antigens, mesothelin and α-folate receptor, were both expressed on the target cells but not when only one antigen was present. With the SynNotch system, T cells can be engineered with an antigen receptor that is tethered to an intracellular transcription factor. Once the receptor binds to its cognate antigen, the transcription factor is released and triggers the expression of a CAR that can now recognize a second antigen. Roybal and colleagues demonstrated that SynNotch T cells only killed tumor cells with dual expression of CD19 "AND" a surface GFP antigen. As promising as these new technologies are, they each have their own limitations that will need to be overcome before they can be used in the clinic to treat solid tumor. CART cells programmed in the "OR" configuration are more likely to cause off-tumor toxicity, while CART cells in the "greater than", "NOT", "AND" configurations may be more permissive to cancer relapse due to tumor cell target loss and immune escape.
Revving the engine
Beyond the tumor-targeting domain of the CAR, there are several other domains that influence the cell-intrinsic functions of CART cells. Among these are the flexible extracellular spacer or hinge domain, the transmembrane, The hinge: power steering
The composition and length of the non-signaling, nontargeting flexible hinge influences the strength of the CAR response. For instance, the inclusion of an IgD spacer domain, and not the shorter CD28 hinge, as the hinge of an SM3-based CAR, which targets an unglycosylated peptide on MUC1, was necessary for CART cells to demonstrate cytotoxicity against MUC1 + breast cancer cell lines [29] .
Although hinge length influences CAR functionality in the context of some scFvs, these effects cannot completely be attributed to length, but also to composition. Mutation of the N-linked glycosylation site in the IgG1 [30] or IgG4 [31] CH2-CH3 hinge improved CART persistence in vivo by ablating activation of the CAR through interaction of the CAR hinge with the FcγR1 on Ly6C + cells. As an example of the context-dependence of each CAR structure, CAR cells targeting ROR1 required the long IgG4-CH2-CH3 hinge for function and demonstrated no activity with short or intermediate hinge lengths, while CD19-CART cells with either a short 12 amino acid hinge or a long but mutated IgG4-CH2-CH3 hinge demonstrated superior tumor control in a leukemia xenograft model [31] .
The length of the CAR flexible hinge likely influences the strength of the CAR-to-antigen interaction and ultimately the immunological synapse formation in CART cells. CART cells demonstrate features that are characteristic of natural immune synapse formation, including the ability to exclude the CD45 phosphatase [32] as well as F-actin polymerization and lytic granule convergence around the microtubule organizing center [22] . It remains unclear how similar CART cell immune synapses are to the endogenous TCR-based immune synapse, but CART cells have the potential to demonstrate faster "on/off" rates than traditional TCR-based T cell cytotoxicity, although degranulation, stimulation, and kinetics of cytotoxicity are similar [33] , which may reflect a less structured synapse.
The transmembrane domain: in the right lane
The influence of the CAR transmembrane is less well understood and interrogated. However, the CAR transmembrane domain exerts a function within the CART cell, if not only for lipid raft localization within distinct regions of the membrane. For instance, incorporation of the CD3ζ transmembrane domain into the CAR enables homodimerization through naturally occurring residues and also CAR heterodimerization with the TCR complex [34] . Abrogating CAR dimerization reduces antigen sensitivity, suggesting that the local interactions of the CAR with other signaling molecules influences CAR function. It is now necessary to understand the influence of CD8α and CD28 transmembrane domains, two of the most utilized transmembrane domains, on CAR function. The costimulatory domain: pedal to the metal The costimulatory domain of the CAR is arguably the most influential portion of the CART cell engine. Proper costimulation affects effector functions, including cytokine production, memory differentiation, survival, persistence, and the metabolic capacities of the CART cell after stimulation. Clinically, CD28 and 4-1BB have been used in second-generation CARs, but many other costimulatory domains have been described pre-clinically, including ICOS, OX40, CD27, CD2, and GITR, that could provide insights into necessary CART functions for solid tumors. For instance, mesothelin-specific CART cells bearing an ICOS signaling domain demonstrate efficient anti-tumor responses in a mesothelioma xenograft model, enhanced CD4 T cell persistence and increased polarization of CD4 T cells towards Th17 phenotype, which may be advantageous as these cells are refractory to senescence after longterm ex vivo expansion [35, 36] .
In the case of CD19-CART, 4-1BB costimulation endows the T cells with long-term persistence and durable control of leukemia, whereas CD28 costimulation, in CD19-CART and others, provides robust cytolytic activity but short-term persistence [37, 38] . Mechanistically, the enhanced persistence of 4-1BB-costimulated CART cells is likely due to enhanced fatty acid oxidation, increased central memory formation, and decreased exhaustion when compared to CD28-costimulated CART [39] [40] [41] .
It is also important to note that until we can understand the added benefit of each CAR component, improved designs are derived empirically and must be considered in the context of the CAR components (scFv, hinge, costimulatory domain) and manufacturing procedures (viral vector, method of activation and expansion protocol). For example, several groups have noted tonic signaling of costimulated CARTs that can also drive exhaustion and decreased persistence [39, 41, 42] ; however, some studies have implicated CD28 as a more tonic signaling costimulatory domain and others have implicated 4-1BB as such. There remain many variables between CART cells amongst institutions and generalizations about CARs should be limited until we gain an understanding of the intrinsic influences of CAR structural domains.
Fueling the engine and boosting the nitro
As single agents, CART cells will be confronted with major challenges in treating solid tumors, even with optimized targeting and CAR design. Unfortunately, the TME of solid malignancies is the perfect storm for preventing significant anti-tumor immune responses. It is therefore important to consider both cell-intrinsic and cell-extrinsic engineering strategies to overcome these barriers.
Payload delivery
Immunotherapists as early as William Coley and more recently, Lloyd Old have demonstrated that the delivery of adjuvants and cytokines into patients' tumors can induce anti-tumor responses and lymphocyte proliferation [43] [44] [45] [46] . Pro-inflammatory cytokines are necessary fuel for activated T cells and can help in the recruitment of innate immune cells; however, systemic delivery of cytokines can result in lethal toxicities [47] . In an attempt to improve the safety of cytokine delivery, T cells can be engineered to secrete payloads directly in the TME, a strategy that takes advantage of natural tumor-homing properties of CART cells. Using this approach, CART cells have been developed preclinically to deliver IL-12 and IL-18, among other cytokines, directly within the tumor (Fig. 3) [48, 49] . CARTcells can also be loaded ex vivo with nanoparticles for in vivo delivery, which takes advantage of the diverse cargo that can be loaded into nanoparticles [50] . Studies have also described the delivery of therapeutic antibodies to the TME by CARTs (e.g., secretion of antagonistic anti-PD-L1) [51] . These strategies have all demonstrated enhanced engineered T cell responses, including higher proliferation, differentiation of memory cells, induction of innate cells, enhanced antigen presentation, and inhibition of immunosuppressive cells. 
Fine-tuning delivery
Tactics to fine-tune the expression and delivery of attractive molecules by CART cells are necessary to enhance the safety in solid tumors where surrounding normal tissues must be spared. These inducible systems, including those with tetracycline-responsive promotors (Tet-on/Tet-off) and cleavable receptor systems such as the previously described SynNotch system [52] , can be utilized to induce a customized cytokine cocktail upon antigen binding. Another method for tuning the T cell response involves the use of rapamycin-analogs to induce dimerization of split CAR components [53] or to induce rapid apoptosis of engineered T cells as a way to treat dose-limiting toxicities [54] .
Combination with checkpoint inhibition
Various approaches have been described to overcome tumor immunosuppression and restore T cell function by modulating CTLA-4 and PD-1 [55] [56] [57] . Currently, the strongest responses have been observed in tumors with high somatic mutation load, or with high CD8 + T cell based infiltrates [58] [59] [60] [61] . CART cells may complement anti-tumor efficacy in tumors with reduced immunogenicity or low T cell infiltration. As CART cells are also susceptible to the immunosuppression [62] , strategies to combine CART with checkpoint blockade should be explored.
In mesothelioma xenograft models, mesothelinredirected CART cells can be inhibited upon antigen exposure within the TME [62, 63] . Treatment with multiple modalities to block PD-1 signaling restored the effector function of CART cells in vivo. Others demonstrated that PD-1 blockade can enhance the efficacy of HER2-CART therapy while sparing normal organs in a human HER2-transgenic immunocompetent mouse model [64] . In this model, PD-1 blockade modulated the immunosuppressive TME with a significant decrease in MDSC infiltration. Clinical observations also provide support for the combinational modality. Our group reported that PD-1 blockade induced durable responses in patients with refractory diffuse large B cell lymphoma (DLBCL) and progressive lymphoma after therapy with CD19-redirected CART cells [65] . After the administration of PD-1 blocking antibody, the patient achieved a clinically significant anti-tumor response and expansion of CART cells with decreased coexpression of PD-1 and Eomes. These observations suggest that checkpoint blockade may be effective and safe approaches for improving the efficacy of CART cell therapies. A clinical trial is currently evaluating the combination of ipilimumab and CD19-redirected CART in patients with B cell non-Hodgkin lymphoma, CLL, and B-ALL (NCT00586391).
Combination with oncolytic virus therapy
Oncolytic viruses (OV) represent promising agents for the treatment of solid tumors. OV can be programmed to specifically target, replicate in and kill cancer cells while sparing normal cells. The release of virus progeny results in an exponential increase of the virus inoculum, which can cause direct tumor debulking while releasing Th1 and M1-inducing pro-inflammatory molecules. The apoptotic tumor cells can serve as a target for cross priming tumor-specific immune responses, generating systemic anti-tumor immunity, including T cells that recognize tumor antigens through the TCR [66, 67] . Moreover, OV can be genetically modified to express therapeutic transgenes selectively in the TME [68, 69] . The feasibility and safety of OV in human patients has been demonstrated in clinical trials [70] [71] [72] .
In this regard, one oncolytic virus, talimogene laherparepvec (T-VEC) received FDA approval for the treatment of patients with melanoma [71] . T-VEC is an oncolytic virus derived from herpes simplex type-1 designed to selectively replicate within tumors and produce granulocyte macrophage colony-stimulating factor (GM-CSF) to enhance systemic anti-tumor immune responses. T-VEC showed significantly higher response rates than GM-CSF alone in patients with advanced melanoma without fatal treatmentrelated adverse events in a randomized phase III trial [71] .
The ability of OV to revert tumor immunosuppression and express therapeutic transgenes locally provides a rational strategy for combination with CART cells. In addition, OV, CART, and TCR T cell combination therapy enables targeting of multiple TAAs and may overcome tumor heterogeneity and tumor escape caused by target antigen loss, which is a central issue for immunotherapy in solid tumors.
An oncolytic adenovirus (OAd) engineered to express RANTES and IL-15 enhanced the anti-tumor effect of GD2-redirected CART therapy in xenograft mouse models [73] . Subsequently, it was demonstrated that by intratumoral coadministration of OAd and helper-dependent adenovirus (HDAds) expressing a PD-L1 blocking mini-body enhanced the anti-tumor activity of HER2-redirected CART in human cervical squamous cell carcinoma and prostate carcinoma xenograft mouse models [74] . Further modification of the HDAds to express PD-L1 blocking antibody and IL12p70 in combination with HER2-CART improved survival of the mice compared to either approach alone [75] . OV therapies improved the efficacy of CART in these studies by direct lysis or induction of apoptosis of tumors, activating and enhancing the cytolytic activity of CART, and improving the migration/infiltration and persistence of CART cells. These results strongly support the notion that oncolysis and local delivery of therapeutic genes by OV has the potential to overcome the tumor resistance against CART therapy in solid tumors. However, most of these observations are based on immunodeficient mouse models and further investigation using immunocompetent models may be required to understand immune interactions during combinational therapy that may be underappreciated in immunodeficient settings.
Combination with agonistic anti-costimulatory receptor antibodies
Agonistic anti-4-1BB mAbs can provide strong costimulatory signals to T cells and has increased anti-tumor responses of CD8 + T cells in several pre-clinical studies [76] . Although the mechanisms by which anti-4-1BB mAb therapy induces change in immunosuppressive cells is not fully understood, the ability of mAbs to modulate the immunosuppressive TME is attractive for combination with CART therapy in solid tumors. This approach may also be safer than directly incorporated third-generation CART cells, as it enables dose adjusting to avoid toxicity.
Other potential combination therapies
Other possible strategies to improve the efficacy of CART therapies include combination with anti-tumor drugs that possess immunomodulatory effects. It has been reported that lenalidomide enhances the anti-tumor efficacy of EGFRvIII-redirected CART with the evidence of enhanced immunological synapses between T cells and target cells in a glioblastoma xenograft mouse models [78] . Inhibition of Bruton's tyrosine kinase (BTK) by ibrutinib also enhances the anti-tumor effect of CD19-redirected CART and leads to prolonged remissions in a xenograft model of mantle cell lymphoma (MCL) [79] . Currently, our group is conducting a pilot clinical trial testing the combination of ibrutinib with CD19-redirected CART (NCT02640209).
Outlook on the future
The elements of CART research described herein, while not exhaustive of the field of study, highlight the most important barriers to overcome hurdles that exist within solid tumors. Through precise and controlled engineering of the immune system, we can specify the targeting of the immune response, maximize the lytic ability and persistence of T cells, deliver payloads to alter the surrounding immunological milieu, and complement with best-in-class clinical strategies. As discussed here, many promising combination approaches have been described in pre-clinical models. These combinational approaches are feasible to translate to the clinic, as most agents already exist as single agents in the clinic and their safety and efficacy profiles are typically clear. Indeed, some of these combination therapies are currently being tested in the context of CD19-redirected CART therapies and clinical trials studying combination modalities in solid tumors may be expected shortly.
CART therapy for leukemia provided a proof-of-concept that these agents could sufficiently eradicate cancer. CD19-CARTs have taught us the know-how of engineering T cells. Now, we must combine this knowledge with therapies that affect the innate immune system and tumor milieu.
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